Chikungunya virus, a mosquito-borne alphavirus, recently caused the largest epidemic ever seen for this virus. Chikungunya disease primarily manifests as a painful and debilitating arthralgia/ arthritis, and no effective drug or vaccine is currently available. Here we describe a recombinant chikungunya virus vaccine comprising a non-replicating complex adenovirus vector encoding the structural polyprotein cassette of chikungunya virus. A single immunisation with this vaccine consistently induced high titres of anti-chikungunya virus antibodies that neutralised both an old Asian isolate and a Réunion Island isolate from the recent epidemic. The vaccine also completely protected mice against viraemia and arthritic disease caused by both virus isolates.
Introduction
Viruses of the genus Alphavirus in the family Togaviridae represent a group of globally distributed enveloped, positive-sense, single stranded RNA viruses, which are usually mosquito transmitted and comprise over 40 known members. Several alphaviruses cause rheumatic disease in humans, these include the Australasian Barmah Forest and Ross River viruses, the African o'nyong-nyong virus and the Afro-Asian chikungunya virus (CHIKV) [1, 2] .
CHIKV has caused periodic but sporadic outbreaks in tropical Africa and Asia and has recently (2005) (2006) (2007) caused the largest outbreak of this virus in recorded history. Over 260,000 cases (≈1/3 of the population) were reported in Réunion Island (France) [3] with 1.39 million cases reported in India [4] . Numerous imported cases have also been reported in Europe [5] , Asia [6] and the United States [7] . No vaccine or effective drug for CHIKV disease is currently commercially available. The disease usually involves weeks to months of debilitating arthralgia/arthritis, and can involve myalgia, fever, headache, nausea, vomiting and/or a rash [8] with arthritis/arthralgia affecting 73-80% of patients [3] . Disease can persist for two years or more in some patients [9] [10] [11] . The word "chikungunya" is derived from the Makonde language (Tanzania) and means "that which bends up" referring to the severe joint pain-induced posture of afflicted individuals [12] . The recent epidemic involved the emergence of a new clade of CHIKV within the large East-, Central-, and South-African phylogroup [13] . Viruses within the new clade of CHIKV are efficiently transmitted by Aedes albopictus mosquito, whereas the usual vector for CHIKV is Aedes aegypti [14, 15] . The new viruses also appear to be associated with more severe disease in humans [12, 16] . Importantly, viruses within this new clade have been associated for the first time with human mortality [17] [18] [19] .
The explosive Réunion Island epidemic, the rapid spread to India and other Asian countries [20] and the wide global distribution of the Ae. aegypti and Ae. albopictus mosquito vectors raise the concern that similarly rapid and severe CHIKV outbreaks could become more frequent and affect other regions of the world. Ae. albopictus has spread worldwide, having reached the United States, Brazil, Central America, Africa, and Europe [21, 22] . The Centers for Disease Control has thus identified imported cases of CHIKV disease and the potential dissemination of the virus by Ae. albopictus as a threat to the US population, particularly in urban areas [23, 24] . CHIKV is a biosafety level 3 (BSL3) pathogen and has been declared a Category C Priority Pathogen by the National Institute of Allergy and Infectious Disease (NIAID) in the United States.
The US Army has long recognized that CHIKV could be used as a biological weapon [25] , and CHIKV is considered a possible agent for bioterrorism due to the potential for infection via aerosol [26] . Although CHIKV vaccine development began in the 1960s [27] [28] [29] [30] [31] , earlier efforts toward the development of CHIKV vaccines were abandoned due to poor performance and safety, and changing budget priorities [32] . At present, no licensed vaccine or particularly effective drug is available for human use for any alphavirus.
To date a number of CHIKV vaccines have been developed, but none have been licensed. Formalin-killed CHIKV vaccines have been shown to be immunogenic in humans [33] , nonhuman primates [34] and mice [35] . However, growth of large quantities of CHIKV for vaccine manufacture is complicated by the requirement for appropriate BSL3 containment. A live-attenuated CHIKV vaccine strain, known as TSI-GSD-218, induced neutralising responses and protected mice and monkeys against challenge [30] . However, in a phase II human trial, this vaccine caused side effects in several recipients that included arthralgia [36] . DNA-based CHIK vaccines encoding E1, E2 and capsid on three separate plasmids have been shown to be immunogenic in mice [37] . Unfortunately, DNA vaccines have so far not been particularly effective at generating antibody responses in humans [38] , which is a concern as antibodies are believed to be required for protection against CHIKV infections [39] . Chimeric live-attenuated CHIK vaccines encoding CHIKV E1, E2 and capsid with the non-structural genes from Venezuelan Equine Encephalitis virus (VEEV), Eastern Equine Encephalitis virus (EEEV) or Sindbis virus (SINV) have been shown to be immunogenic and protective against nasal CHIKV challenge in mice [40] . However, manufacturing and safety remain significant hurdles given the known ability of alphaviruses to recombine and generate replication competent viruses [41] . Recently, the first alphavirus Virus-like particle (VLP) CHIKV vaccine was produced and tested in non-human primates [42] . Although this vaccine, based on the West African CHIKV genotype, provided protection, three doses were required.
Recombinant adenovirus vectors have been widely tested in humans and have been shown to be safe in an extensive series of human trials. They are also stable, immunogenic and relatively easy to manufacture [43] . The non-replicating Complex Adenovirus vaccine (CAdVax) vectors contain deletions in E1, E3 and most of the E4 regions (except orf6) of the adenovirus 5 (Ad5) genome. These deletions, coupled with multiple engineered transgene-expression sites, allow the insertions of multiple antigens at different locations, or a large antigen insert at the location of choice within the Ad5 genome. The technology has been used to generate recombinant dengue, influenza, Marburg, Ebola, West Nile and Rift Valley fever virus vaccines, and has been shown to be efficacious in murine, guinea pig, ferret and non-human primate models [44] [45] [46] [47] [48] [49] [50] .
Herein we describe the application of the CAdVax technology to the design of a CHIKV vaccine. In this CAdVax-CHIK vaccine, a single insert encoding the structural polyprotein (comprising the envelope glycoproteins E1, E2 and capsid) of CHIKV was inserted in the right hand of the genome (as depicted in Fig. 1 ). The major advantage of this particular configuration of the CAdVax is that it prevents the generation of replication-competent adenovirus through homologous recombination in the packaging cell line, HEK293, a common problem of first generation Ad5 vectors. The antigen sequences are from a CHIKV isolate from the recent epidemic on Réunion Island, and the complete structural polyprotein gene was expressed in order to retain the native processing sequences. A single dose of the vaccine completely protected mice against viraemia and disease in recently developed adult wild-type mouse models of CHIKV-induced arthritis [51] .
Materials and Methods

Construction of CAdVax-CHIK
The coding sequence for the CHIKV, Réunion Island isolate, structural polypeptide (GenBank DQ443544.2, isolate LR2006 OPY1) was synthesized with codons optimized for expression in human cells by GeneArt (Regensburg, Germany). This gene, encoding capsid (C), E3, E2, 6K and E1, was subcloned into the 2pRAd plasmid shuttle vector as described previously [48] [49] [50] 52, 53] . Digestion with NruI and XbaI restriction enzymes followed by ligation was used to delete the CMV promoter and bovine growth hormone polyadenylation (BGHpA) signal from the 2pLAd plasmid shuttle vector. Using these shuttle vectors the vaccine was constructed as described previously [48] [49] [50] 52, 53] . Correct insertion was confirmed by sequencing, PCR, and restriction enzyme digestion. Vector stocks were generated on the HEK293 packaging cell line, isolated by plaque-purification, amplified, and then purified by caesium chloride gradient before final virus titration as described previously [52, 53] .
Western analysis
BS-C-1 cells (ATCC CCL-26) were mock infected or infected with CAdVax-CHIK or a control CAdVax vector expressing dengue virus glycoproteins [45] , at a multiplicity of infection (MOI) of 20 for 48 hours. Cell lysates prepared as described previously [47] were resolved on a 4-20% Tris-HCl gradient gel (BioRad) and transferred to PVDF membranes (Millipore). Membranes were probed with pooled polyclonal serum obtained from three C57BL/6 mice that had been infected with CHIKV (as described below) and bled 5-6 weeks later. Proteins in the immunoblot were detected using an HRP-conjugated secondary antibody (Kirkegaard & Perry Laboratories, Inc.) and TMB liquid substrate system (SigmaAldrich).
Vaccination of mice
Female CD-1 outbred mice (Charles River Laboratory, Raleigh, NC) or female C57BL/6 mice (ARC, Perth, Australia) 6-8 weeks old were vaccinated intraperitoneally (i.p.) once with 1 × 10 8 infectious units (i.u.) of the CAdVax-CHIK vaccine, or the indicated control CAdVax vaccine in 100 μl of PBS, or 100 μl of PBS. Mouse experiments were approved by the GenPhar Institutional Animal Care and Use committee or the Queensland Institute of Medical Research Animal Ethics committee.
ELISA assays
Monolayers of BS-C-1 cells were infected with CAdVax-CHIK at MOI 20 for 48 hours in serum-free medium. Cells were then harvested and lysates were prepared as described previously [47] . Lysate diluted in PBS (10 μg/ml) was absorbed onto Maxisorp microtiter plates (MaxiSorb, Nunc, Rochester, NY, USA) overnight at 37°C, and the ELISAs were performed as described previously [54] . Alternatively, inactivated and purified CHIKV (Asian isolate, GenBank: FJ457921, [51] ) was coated onto the ELISA plates at 2 μg/ml in carbonate buffer pH 9 overnight, and the plates blocked with 5% FCS/PBS. Mouse serum was added at 3 fold serial dilutions and CHIKV-specific antibodies were detected with biotin-conjugated rat anti-mouse IgG2c (R19-15) and IgG1 (A85-1) (BD Pharmingen, Heidelberg, Germany), streptavidin-HRP (Biosource, Camarillo, CA, USA) and ABTS substrate (Sigma). End point titres were determined by calculating the dilution of serum that corresponded to an absorbance of two times the background obtained with naïve serum.
Neutralisation assays
Heat inactivated (56°C for 30 min) serum from each mouse was serial diluted in duplicate in 96 well plates and incubated with 200 50% cell culture infectivity dose (CCID 50 ) of a Réunion Island (LR2006 OPY1) or Asian isolate (GenBank: FJ457921) of CHIKV for 2 hours at 37°C. Vero cells were then added (10 4 /well) and the plates incubated for 5 days. The serum dilution giving 100% protection against cytopathic effect was determined using crystal violet staining.
CHIKV challenge in C57BL/6 inbred mice
Six and a half weeks after vaccination mice were challenged as described previously [51] with 1 × 10 4 CCID 50 of the Réunion Island or Asian isolate s.c. into the side of each hind foot towards the ankle. The extended time between vaccination and challenge was used to avoid any influence of vector-induced interferon α/β responses, given the sensitivity of CHIKV infection to these cytokines [51] . The height and width of the peri-metatarsal foot swelling was measured using electronic callipers, and height × width was used to represent the cross sectional area in mm 2 as described [51] . Viraemia was measured as described [51] using blood taken from a tail vein and collected into MiniCollect serum separation tubes (Greiner Bio-One GmbH, Kremsmunster, Austria). Viral titres are expressed as log 10 CCID 50 per ml. Animals were monitored daily and no adverse events requiring euthanasia were reported during the experiments.
Statistics
Statistical analysis was performed using SPSS for Windows (version 17.0, 2010; SPSS, Chicago, IL).
Results
CAdVax-CHIK vaccine construction and expression of CHIKV structural proteins
In order to develop a safe and effective CHIKV vaccine, we constructed and characterized CAdVax-CHIK to express the antigenic structural proteins of this emerging arbovirus. The structural polyprotein cassette of a Réunion Island isolate of CHIKV was artificially synthesized and codon optimized for high-level expression in human cells. This gene was cloned into a CAdVax vector, with the cassette flanked by a CMV immediate early promoter and a bovine growth hormone polyadenylation signal (Fig. 1) . Correct insertion was confirmed by sequencing, PCR, and restriction digest analyses (data not shown). The polyprotein comprises a N-terminal capsid protein (C) followed by glycoproteins E1 and E3/ E2. The capsid protein is autoproteolitically cleaved from the polypeptide, and E1 and E3/ E2 (known as ProE2 or pE2) are transported to the cellular membrane as a heterodimer. At a late stage of transport, E3/E2 is cleaved by furin, a host cellular protease [55] , to yield functional E2, which is required for the formation of mature viruses that bud at the host cellular membrane [56] . In this design, the immune system is presented with de novo synthesized CHIKV antigens in the configuration seen during a natural infection, but without causing disease.
To analyze the CHIKV antigen synthesis, we first produced the CAdVax-CHIK according to previously established protocols [52, 53] , and then infected BS-C-1 cells with the vaccine vector. The presence of CHIKV antigens in the cell lysates was analysed by western blotting using CHIKV-specific sera obtained from mice previously infected with a Reunion Island isolate of CHIKV [51] . Mature E1 (52 kDa) , E2 (56 kDa) and C (36 kDa) were readily identified in this lysate at the appropriate molecular masses. A small amount of the precursor protein, pE2 (65 kDa), was also seen in CAdVax-CHIK infected cells (Fig. 2) . These proteins were not seen in the lysate of mock-infected cells or cells infected with a control CAdVax vector expressing an unrelated antigen (Fig. 2) . The structural proteins were thus correctly proteolytically processed from the CHIKV polyprotein expressed by the CAdVax-CHIK vaccine.
Antibody response kinetics after CAdVax-CHIK vaccination in outbred mice
To determine the kinetics and potential genetic restriction of antibody responses induced by CAdVax-CHIK vaccination, outbred CD-1 mice were immunised once i.p. with 1 × 10 8 i.u. of CAdVax-CHIK or a control CAdVax vector and the antibody responses measured over time. Mouse sera were collected at 2 week intervals and antibody titres measured by ELISA against cell lysates of CAdVax-CHIK infected cells. Consistent IgG responses in all CAdVax-CHIK immunised mice were apparent at week 2 post vaccination and responses peaked at week 6, with a mean end point titre of ≈1/75,000 (Fig. 3) . Due to the limited expression of adenovirus vector antigens both in vitro after CAdVax-CHIK infection and in vivo after CAdVax immunisation, no significant antibody reactivity to the ELISA antigen (a lysate of CAdVax-CHIK infected cells) was observed in sera from mice vaccinated once with the control CAdVax vector (Fig. 3, CAdVax control) . These data illustrate that CAdVax-CHIK vaccination rapidly and consistently raised high titres of CHIKV antigenspecific antibodies in outbred mice after a single vaccination.
Antibody responses after CAdVax-CHIK vaccination in C57BL/6 mice
To measure antibody responses in a mouse strain suitable for protection studies [51] , C57BL/6 mice were vaccinated once i.p. with 1 × 10 8 i.u. CAdVax-CHIK and anti-CHIKV antibody titres were evaluated by ELISA using purified CHIKV (Asian isolate [51] ) as the ELISA antigen. CAdVax-CHIK vaccinated mice showed a mean end point titre of over 1 in 3.5 × 10 6 for anti-CHIKV IgG2c, similar to the mean end point titre seen in animals infected with 10 4 CCID 50 of the Réunion Island isolate of CHIKV [51] (Fig. 4A) . The mean IgG1 titre after CAdVax-CHIK vaccination was over 1 in 3 × 10 6 , significantly higher than that seen after CHIKV infection (Fig. 4A ). Mice vaccinated with the control CAdVax vector (Fig. 4A) or PBS (data not shown) generated no detectable CHIKV-specific IgG1 or IgG2c responses. CAdVax-CHIK vaccination thus provided strong and balanced IgG1/IgG2c anti-CHIKV antibody responses. IgG1/IgG2c ratios reflect the Th2/Th1 bias induced by the vaccine [57] . (C57BL/6 mice do not make IgG2a [58] ).
Neutralising antibodies are considered to be important for protection against CHIKV [39] . Serum from CAdVax-CHIK vaccinated mice had similar neutralisation titres (≈1/2000) for both the Réunion Island and Asian isolates of CHIKV. These titres were slightly higher than those obtained after infection of unimmunized mice with the Réunion Island virus. Serum from CAdVax-control vaccinated mice had neutralisation titres of less than 1 in 6 (Fig. 4B) . CAdVax-CHIK vaccination thus induced high titres of antibodies capable of neutralising both a Réunion Island and an Asian isolate of CHIKV; viruses from two genetically distant phylogroups [59] .
CAdVax-CHIK vaccination protected C57BL/6 mice against viraemia and arthritis
We have recently established an adult wild-type mouse model of CHIKV infection and arthritic disease, which manifests as a measurable self-limiting peri-metatarsal swelling [51] . To assess protection against viraemia and diseases mediated by the CAdVax-CHIK vaccine, vaccinated animals were challenged in the rear feet with 10 4 CCID 50 of the Réunion Island and Asian isolates of CHIKV. Animals that received the control CAdVax vector or PBS both produced similar viraemias, which peaked at day 2. Animals from each of these two control groups also showed symptoms of arthritis, as seen by swelling of the foot, when challenged with the Réunion Island and Asian CHIKV isolates. CAdVax-CHIK vaccinated animals were completely protected against viraemia and foot swelling induced by both the Réunion Island (Fig. 5A,B) and Asian isolates (Fig. 5C, D) . No CHIKV was detected in serum and no swelling was detected on any day in any animals that had received the CAdVax-CHIK vaccination (Fig. 5, black squares) .
Discussion
CHIKV is an important emerging arbovirus causing severe rheumatic disease, with recent outbreaks in humans also associated for the first time with mortality. A safe and effective vaccine would play an important role in preventing future outbreaks in humans. Cells infected with the CAdVax-CHIK vaccine described herein expressed the structural polyprotein of CHIKV, which was correctly processed into E1, E2 and capsid. Herein we show that a single immunization with CAdVax-based CHIKV vaccine was able consistently to induce high titres of anti-CHIKV antibodies in both outbred (CD-1) and inbred (C57BL/ 6) strains of mice, illustrating that genetic background did not play a major role in determining the antibody response to the CAdVax-CHIK vaccine. Sera from CAdVax-CHIK vaccinated C57BL/6 mice were also able to neutralise two isolates (Asian and Réunion Island) of CHIKV from two different phylogroups. In addition, CAdVax-CHIK vaccination completely protected against CHIKV viraemia and arthritis induced by these isolates in a mouse model of infection and disease. Importantly, the animal model used in these challenge experiments is the only known mouse model using immune-competent wildtype adult animals that develop rheumatic disease after CHIKV infection, the main manifestation of CHIKV disease in humans [8] . Other models for CHIKV infection of mice use neonatal mice [60] , IFNα/β receptor defective transgenic mice [61] , or wild-type mice [40] and use lethality rather than rheumatic manifestations as measures of CHIKV-induced disease.
The Réunion Island isolate belongs to the large East-, Central-, and South-African phylogroup of CHIKV and the Asian isolate belongs to the genetically separate Asian phylogroup [13] . These phylogroups represent the majority of currently circulating viruses and show about a 3% amino acid sequence divergence [59] . The ability of CAdVax-CHIK vaccination to protect against these two isolates illustrates that the vaccine is effective against viruses from two distinct phylogroups. We have recently also observed cross neutralisation of CHIKV by anti-Ross River virus sera [51] , suggesting neutralisation determinants are conserved even amongst distantly related arthrogenic alphaviruses [62] . The CAdVax-CHIK vaccine is thus likely to protect against most, if not all, strains of CHIKV.
Pre-existing anti-Ad5 antibodies have been shown to be associated with reduced responses to recombinant Ad5-based vaccines in humans [63] . As CAdVax is also based on Ad5, such pre-existing immunity may similarly impact vaccine efficacy. However, data from animal experiments and clinical trials show that an increase in Ad5 vector dose easily overcomes the effects of pre-existing immunity [64] [65] [66] [67] [68] . We have recently shown that simply increasing the dose for an Ebola CAdVax vaccine by one log, which is easily achievable with CAdVax, is sufficient to overcome pre-existing anti-vector (Ad5) immunity in cynomolgous macaques and protect animals from lethal infection by Ebola virus [49] . In addition, a dose of as little as 2 × 10 8 i.u. of CAdVax vaccine for Rift Valley fever was able to overcome pre-existing anti-vector immunity in mice [44] . We do not envisage that such dose increases will have any negative impact on the safety profile of the vector as biodistribution and toxicology studies conducted following Good Laboratory Practice guidelines (GLP; as described in the US Food and Drug Administration Code of Federal Regulations Title 21, Part 58) have shown that repeated administration of up to 2 × 10 13 CAdVax virus particles per dose in New Zealand white rabbits was well tolerated by this highly sensitive animal model (data not shown).
Due to the favourable safety profile and prior success of the non-replicating CAdVax vector platform in development of viral vaccines, it is ideally suited for the development of a CHIKV vaccine for use in humans. In addition, the sporadic and unpredictable nature of CHIKV epidemics means that CHIKV vaccines may need to be rapidly manufactured. Adenovirus vectors can be rapidly and economically propagated and purified without the need for BSL3 containment [69] , and they have a long shelf life if stored appropriately [70] . Future studies will seek to investigate the ability of CAdVax-CHIK to protect against virus challenge in a non-human primate model of CHIKV disease, such as that recently established in cynomolgus macaques [71] . Recent studies in a non-human primate model have shown that 10 10 PFU of a Ebola virus CAdVax vaccine injected twice i.m. was sufficient for protection against disease and morality after Ebola virus challenge [49] . The CAdVax-CHIK vaccine was designed to express the codon optimised CHIKV structural polyprotein gene (comprising Capsid, E3, E2, 6K, and E1). The gene is flanked by the immediate early human CMV promoter (CMV) and the bovine growth hormone polyadenylation signal (BGHpA) sequence. The CAdVax vector backbone has deletions (Δ) in E1, E3, and E4, except for E4orf6. ITR -inverted terminal repeat. ψ -adenovirus packaging signal. Antibody titres at 5.5 weeks post infection were assessed by ELISA using purified CHIKV as the antigen target. For sera from mice vaccinated with CAdVax-CHIK and CAdVaxcontrol anti-CHIKV, IgG2c and IgG1 titres were significantly different (p=0.003 and p=0.002, respectively. Mann Whitney U test). (B) Neutralisation titres for Asian and Réunion Island CHIKV isolates were determined using serum from mice vaccinated as above. The titres represent the mean serum dilution (± SE) giving 100% protection against viral cytopathic effects. Neuralisation titres were significantly different for sera from mice vaccinated with CAdVax-CHIK and CAdVax-control, p=0.032 for Asian and p=0.018 for Reunion Island (Mann Whitney U test).
